ABSTRACT
Introduction
Amadoriases are a family of enzymes discovered about 20 years ago (7, 8, 15, 18) , which catalyze the breakdown of Amadori products. These latter products are formed in the early stage of a reaction uncovered in year 1912 by the French chemist L.C. Maillard (11) . The Maillard reaction is known also as non-enzymatic glycosylation or glycation. The first product in this reaction of reducing sugars with primary amines are reversible Schiff bases (aldoimines), which undergo a chemical transformation (Amadori rearrangement) (6) to more stable Amadori products (ketoamines). The amodoriase enzymes utilize different mechanisms to catalyze the degradation of Amadori products (AP). For example, they can catalyze either hydrolytic or oxidative degradation of ketoamines to composite amines and sugars (or their derivatives) or they can even act as kinases (14, 20, 23) . In this latter case, phosphorylation of AP at the sugar moiety destabilizes the covalent bond between the sugar and the amine which then spontaneously breaks down. This mode of action is typical for the human amadoriase which represents a fructosamine-3-kinase (2, 3, 17) . It has been proposed that the physiological role of the human amadoriase is to "repair" glycated proteins and in this way to protect cellular proteins from glycation. Glycation is a deleterious reaction because it introduces into proteins genetically non-encoded chemical modifications that may significantly alter the protein structure and function.
Amadoriases have been discovered in distinct groups of organisms including microorganisms (5, 7, 8, 16, 19) , plants (4) and humans (2, 3, 17) . A decade ago Van Schaftingen and co-workers reported the identification of a new operon in E. coli later on called the fructoselysine (frl) operon (21) . The key gene in this operon, the frlB gene, encodes an amadoriase, which catalyzes the hydrolysis of N ɛ -fructoselysine 6-phosphate to lysine and glucose 6-phosphate. The FrlB amadoriase acts in concert with the FrlD kinase, which first phoshporylates the fructose moiety in N ɛ -fructoselysine at position C-6. In a later publication, Van Schaftingen and co-workers reported that, in contrast to the Bacillus subtilis ortholog, the E. coli FrlB amadoriase is highly specific for AP bound to the ɛ-amino group of lysine but not to the α-amino group of other amino acids including Gly, Val, Gln, Met, Arg and Ile (22) . The authors proposed that the role of the FrlB enzyme is to allow bacteria in the human hind gut to catabolize fructoselisine, which is released during digestion of glycated food proteins. On the other side, a year before the discovery of the E. coli FrlB amadoriase, we have demonstrated for the first time that the Maillard reaction is not constrained to the long-lived eukaryotes only but that this reaction does take place also in E. coli affecting both endogenous and recombinant proteins (12, 13 
Materials and Methods
Cloning of the frlB gene A 5'-primer containing the translational initiator codon of the frlB gene, flanked by a HindIII restriction site (5'-CCC AAG CTT ATG TTG GAT ATT GAT AAA AGC ACC GT-3'), and a 3'-primer, containing the stop codon, followed by a BamHI site (5'-CGC GGA TCC TTA ATA TTC CAC CAG ACC ACC GTA A-3'), were used to PCR-amplify genomic DNA from the E. coli strain DH1. PCR was performed with Taq polymerase under the following conditions: denaturation for 2 min at 95°C and 5 cycles of annealing for 30 s at 56°C, primer extension for 1 min at 72°C and heating for 30 s at 95°C. Bulk DNA was synthesized within 30 cycles, each consisting of denaturing for 30 s at 95°C, annealing for 30 s at 70°C and polymerization for 1 min at 72°C. One additional cycle of 1 min at 72°C was included at the end of the PCR for competition of DNA synthesis. The PCR-product was hydrolyzed with the restriction enzymes HindIII and BamHI and ligated to the plasmid pJP 1 R 9 (9) pretreated with the same restriction endonucleases. The resulting construct was transformed into the E. coli strain XL1-Blue and the frlB gene sequence was confirmed by sequencing.
Amadoriase assay
The FrlB enzyme activity was measured in the reverse reaction through the conversion of glucose 6-phosphate and amines to fructoseamine 6-phosphates. The reaction mixture contained 25 mM HEPES, 0.1 mM EGTA, 5 mM MgCl 2 , 0.15 M glucose 6-phosphate, 0.3 M amino acid (50 mg/ml poly-L-lysine; 8.4 mg/ml total E. coli protein) and 200 µg/ml purified FrlB enzyme. The final volume of the reaction mixture was 200 µl. Incubation was carried out at 37°C for 2 hours. For measurement of the reaction products, fructoseamine 6-phosphates, the reaction mixture (100 µl) was directly mixed with 1 ml 100 mM sodium carbonate buffer (pH 10.8) containing 0.25 mM NBT and the absorbance at 525 nm was measured against distilled water over 20 minutes. The enzyme activity was expressed as a change in the absorbance at 525 nm per minute (∆A 525 /min).
Purification of the FrlB amadoriase
The E. coli ΔfrlB strain BW37935 was transformed with the plasmid pJP 1 R 9 -frlB and the FrlB amadoriase was isolated from 2.5 l Luria-Bertani (LB) culture of exponential cells according to a published protocol (21) . Briefly, cells were harvested by centrifugation, suspended in 100 ml buffer composed of 20 mM HEPES pH 7.4, 5 mM EGTA, 1 mМ DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and disrupted by sonication. The cell lysate was cleared by centrifugation at 30 000 g for 30 min, the resulting supernatant was supplemented with 200 ml 20 mM HEPES pH 7.1, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF and loaded onto a DEAE-Sepharose column preequilibrated with 20 mM HEPES pH 7.1. Elution was carried out with a liner gradient of 2 x 250 ml NaCl (0→0.8 M) in 20 mM HEPES pH 7.1, 1 mM EGTA, 1 mM DTT and 0.5 mM PMSF. Fractions of 3 ml volume were collected and analyzed by both SDS-PAGE (10) and the amadoriase assay described above.
Isolation of total E. coli protein Total E. coli protein was isolated from 250 ml exponential cells of E. coli strain BW37935 cultured in LB medium. Cells were harvested by centrifugation and suspended in a buffer containing 20 mM HEPES pH 7.4, 5 mM EGTA, 1 mМ DTT, 0.5 mM PMSF to a final optical density of 5 OD 590 /ml. Then, cells were disrupted by sonication and cell debris were removed by centrifugation at 30 000 g for 30 min. The clear cell lysate was treated for 1 hour at 37°C with 5 µg/ml DNase I, 5 µg/ml RNase A and 20 µg/ml chicken lysozyme in the presence of 10 mM MgCl 2 . Next, the protein sample was dialyzed for 24 hours against 10 mM EDTA, 0.1 mM PMSF in PBS and following centrifugation for 30 min at 30 000 g the supernatant was used for analysis. The concentrations of the total bacteria protein and the purified amadoriase were determined by a BCA reagent kit (Sigma-Aldrich Co.). 
Statistical analysis

Results and Discussion
Overexpression of the FrlB amadoriase in E. coli The frlB gene was amplified by PCR and cloned in a multicopy plasmid under a strong constitutive promoter (P 1 ) and a consensus ribosome binding site (R 9 ) (9). We constructed also an E. coli strain with a deleted frlB gene by one-step inactivation of the chromosomal gene using a procedure described elsewhere (1). This knock out (KO) strain, isogenic to the E. coli strain BW28357 (24), was designated BW37935. The frlB KO strain was transformed with the recombinant plasmid pJP 1 R 9 -frlB and the overexpression of the FrlB amadoriase was confirmed by SDS-PAGE under reducing conditions. The frlB gene product is a polypeptide of approximately 39 kDa and the corresponding band is well visible on the gel in Fig. 1 . The recombinant amadoriase thus obtained constituted 32.8% of the total bacterial protein. Fig. 1 . Overexpression of the FrlB amadoriase in E. coli SDS-PAGE (12% gel) of cell lysates from either E. coli strain BW37935 (1), or the same strain transformed with the plasmid рJP 1 R 9 -frlB (2). М: molecular mass standard in kDa
Published procedure for measurement of the FrlB enzyme activity is based on the reversal of the reaction at high, non-physiological concentrations of glucose 6-phosphate and lysine (21, 22) . We applied the same approach with some modifications. In order to avoid working with radioactively labeled glucose 6-phosphate, we performed the reaction at higher concentrations of amino acids and glucose 6-phosphate, 0.3 M and 0.15 M respectively. This allowed us to monitor the reaction by applying a colorimetric (NBT reduction) assay for measurement of the reaction product, fructoseamine 6-phosphate. Reaction mixtures were directly mixed with the NBT reagent and the absorption at 525 nm was read over time. Reduction of NBT by glucose-6-phosphate at 0.15 M alone was negligible (data not shown) and thus did not interfere with the assay. Fig. 2A shows the kinetic of the NBT reduction by reaction mixtures differing in the concentration of the E. coli total protein from cells overexpressing the FrlB amadoriase.
For all protein concentrations tested, the NBT reduction followed a good linearity over 20 minutes (Fig. 2A) . The specificity of the reaction was confirmed by the lack of NBT reduction when the enzyme assay was performed with total protein from the E. coli KO strain BW37935. The rate of NBT reduction (∆А 525 /min) as dependent on the E. coli protein concentration also demonstrated an excellent linearity (R 2 =0.998) (Fig. 2B) . 
Purification of the recombinant FrlB amadoriase
We next went on purification of the FrlB amadoriase by anion-exchange chromatography on DEAE Sepharose as described by Wiame et al. (21) . The FrlB amadoriase was eluted at approximately 0.5M NaCl. Chromatogram and SDS-PAgel of the FrlB peak fractions are presented in Fig. 3A and Fig. 3B . From 2.5 l bacterial culture we were able to isolate totally ca. 150 mg FrlB amadoriase. Four of the peak fractions (54-57) were tested for enzyme activity in the reverse reaction as described in the experimental section (data not shown). Fraction 56 demonstrated higher specific activity than the other three fractions most probably because of less contamination with bacterial proteins.
We also investigated the enzyme activity of fraction 56 as dependent on the enzyme concentration. To this end the amdoriase assay was carried out with different concentrations of fraction 56 ranging from 20 to 400 µg/ml. The result showing the dependence of the velocity of NBT reduction (∆А 525 /min) on the FrlB concentration (fraction 56) is presented in Fig. 4 . We observed a good linearity of the enzyme activity (R 2 =0.98) as dependent on the enzyme concentration in the range studied. All subsequent analyses were performed with FrlB fraction No. 56 at a concentration of 200 µg/ml.
Free amino acids as substrates of the FrlB amadoriase
We studied the ability of the FrlB amadoriase to catalyze in the reverse reaction the attachment of glucose 6-phosphate to each of the twenty natural amino acids. Fig. 5 shows the relative FrlB activity with the twenty amino acids allocated to three characteristics groups (charged, polar and hydrophobic). The enzyme activity on α-Boc-Lys was taken for 100%, because this is the only amino acid reported to be a substrate for the FrlB amadoriase (21, 22) . However, Fig. 5 demonstrates that other amino acids may also servea substrates of the enzyme. Moreover, some amino acids proved to be better substrates than α-Boc-Lys. Among them are members of the groups of charged (Lys and His) and polar (glycine) amino acids which are usually exposed on the protein surface. The very high enzyme activity on Lys may be explained by the presence or two NH 2 gropus in this amino acid. The result also implies that in the forward reaction the FrlB enzyme might recognize and remove an Amadori product formed not only at the ɛ-but also at the α-NH 2 group of lysine. The reason why we detected activity of FrlB with other amino acids except with Lys in contrast to others (21, 22) may be explained by the higher substrate concentrations we used in the enzyme assay.
Polypeptides as substrates of the FrlB amadoriase
We carried out the reverse amadoriase reaction also with polypeptides including poly-L-lysine (40 kDa) and total E. coli protein as substrates. We found that poly-L-Lys is as an efficient substrate of the FrlB amadoriase as is the α-Boc-Lys (Fig. 6) . This result could be explained by the fact that the molar concentration of ɛ-amino groups in the α-Boc-Lys and poly-L-Lys samples is the same. Most importantly, this result indicates that the FrlB amadoriase can recognize the ɛ-NH 2 group not only on free lysine but also when Lys is embedded into a polypeptide chain. In the next experiment we conducted the enzyme assay with a total protein isolated from E. coli as an NH 2 -substrate. As shown in Fig. 6 the enzyme activity with the total E. coli protein was about twice lower than that when using α-Boc-Lys as a substrate. This latter result is not surprising having in mind that the concentration of free NH 2 groups in the total bacterial protein is significantly lower than that of NH 2 groups in α-Boc-Lys and poly-L-Lys. 
